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Abstract Heterogenised homogeneous catalysis is com- 
monly performed with molecular catalysts grafted on solids 
via adsorption or via a covalent molecular link. Covalent 
grafting of organic groups on solid supports is usually 
carried out by silylation, using functionalised trialkoxysi- 
lanes. Among these solids supports, very few studies have 
been published on apatites. In the present work, amino- 
propyltriethoxysilane (APTES) grafting was performed in 
toluene on different apatitic supports: crystallised stoi- 
chiometric hydroxyapatites differing by the drying method, 
freeze-dried (HAP) and dried at 100 °C (HAPD), and a 
nanocrystalline apatite. All materials were fully charac- 
terised, before and after grafting, for better understanding 
of the nature of the alkoxysilane/surface interaction. The 
data show a clear competition between the covalent 
grafting of APTES and its polycondensation reaction, 
depending on the nature of the solid support surface. 
Silylation is accompanied by APTES covalent grafting to 
oxygen atom of the hydroxyl groups of the apatitic struc- 
ture and/or of the OH- species that are present on the 
surface hydrated layer. This work clarifies the nature of 
silane   grafting   onto   selected   apatitic   surfaces   and 
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especially the influence of the composition and properties 
of the apatitic surfaces on the process of silylation. 
Introduction 
The development of  supported molecular catalyst is 
nowadays a major field in catalysis research. Heteroge- 
neous catalysis appears as an alternative method in organic 
synthesis as it presents several advantages over homoge- 
neous processes, including simple product isolation as well 
as catalyst separation and recycling [1]. Heterogenised 
homogeneous catalysis  is commonly  performed with 
molecular catalysts grafted on solids via adsorption or via a 
covalent molecular link. The interest of supported catalysis 
is to combine the activity and selectivity of homogeneous 
catalysts with the easy recovery of solids, which is of 
particular interest in asymmetric catalysis. The solid sup- 
ports may be organic (polymers) or inorganic. 
The most commonly used inorganic solid for supported 
heterogeneous catalysis is silica, but other inorganic solids 
such as metallic oxides or ceramics [1], and more recently 
apatite calcium phosphates (or apatites), have also been 
reported as suitable and very promising supports. Among 
these different solids, very few studies have been published 
on apatites. Apatites constitute the mineral part of calcified 
tissues, such as bone and teeth, and are widely used in 
biomedical applications such as implant coatings, bioce- 
ramics, or bone cements thanks to their excellent bio- 
compatibility, bioactivity, and osteoconductive properties 
[2–4]. Moreover, they present high ion-exchange ability 
and adsorption capacity. Thus, modified apatites have been 
investigated not only for biomaterial applications but also 
as delivery systems for molecules of biological interest 
such as proteins [5], growth factors [6], and drugs [7], as 
adsorbents for heavy metals in environmental applications 
[8], in chromatography column separations systems [9], 
and as supports for heterogeneous catalysis [10, 11]. 
Covalent grafting of organic groups on solid support is 
usually carried out by silylation, using functionalised tri- 
alkoxysilanes (OR0)3SiR. R is an alkyl- or aryl-function- 
alised chain and Si(OR0) is a hydrolysable function, R0
being most frequently a methyl or an ethyl group. On the 
one hand, the Si(OR0) bond is easily hydrolyzed in aqueous 
solution with the elimination of alcohol (R0–OH) to form 
metastable silanol (–SiOH), which undergoes condensation 
to more stable siloxane (Si–O–Si), forming three-dimen- 
sional hyperbranched oligomers [12]. On the other hand, 
with solids bearing surface OH groups (solid-OH), a 
monolayer or covalently grafting solid-OSi(OH)2R can be 
achieved in anhydrous media [13]. This is a well-known 
and efficient strategy for silica-controlled grafting. The use 
of non-polar organic solvents during the surface modifi- 
cation of silica surfaces with 3-aminopropyltriethoxysilane 
(APTES) leads to the formation of stable surface layers by 
covalent interactions [14, 15]. 
Among compounds of the apatitic calcium phosphate 
family, hydroxyapatite (HAP),  Ca10(PO4)6(OH)2, is a 
widely studied compound. It is the stoichiometric apatitic 
calcium phosphate (Ca/P atomic ratio of 1.67) which is 
characterised by low solubility in water, low cost, and high 
innocuousness. Moreover, thanks to the presence of struc- 
tural hydroxyl groups, HAP is a good candidate for surface 
functionalisation using alkoxysilane agents [8, 16]. APTES 
is a widely used reagent for surface functionalisation of 
inorganic solid [1], bearing both a trialkoxysilane group 
(surface anchor) and an amine function allowing an easy 
coupling with various organic molecules via nucleophilic 
substitution. This reagent has been used with success for 
silica and HAP grafting for immobilisation of a large variety 
of molecules or proteins [13]. Recently published papers 
reported that APTES reacts with HAP via condensation of 
the hydrolyzed ethoxy moieties with the hydroxyl groups 
found at the surface of the HAP [13, 16]. Some studies have 
also highlighted the influence of the reaction conditions, 
such as time, temperature [16], or the morphology [17] of 
apatitic crystals on the interaction between APTES and the 
HAP surface. However, none of these published works 
reported the effect of the chemical nature and crystallinity of 
the apatitic supports. Moreover, the use of nonstoichiometric 
nanocrystalline apatites (NCA, Ca10-x  (PO4)6-x (HPO4 or 
CO3)x (OH)2–x with 0 B x B 1 and a Ca/P molar ratio 
ranging from 1.50 to 1.67), which present a greater surface 
area than HAP and a structured hydrated layer on their sur- 
face, rich in surface labile species able to be exchanged [18], 
has been poorly studied [19, 20]. 
The aim of this work is to address these two points: to 
explore the influence of APTES grafting on the chemical 
composition and the crystallinity of two calcium phosphate 
materials (crystallised stoichiometric hydroxyapatite, HAP, 
and a nanocrystalline apatite, NCA) and to characterise the 
trialkoxysilane–solid surface interaction that is still poorly 
understood. APTES grafting was performed in toluene on 
both materials. All materials were fully characterised, 
before and after grafting, by different techniques and 
especially by FTIR, Raman, and NMR spectroscopy. 
Experimental section 
Materials 
The well-crystallised stoichiometric hydroxyapatite pow- 
ders were synthesised by a double decomposition technique 
between (NH4)2HPO4 (433.3 mL, 1.54 M in deionised 
water) and Ca(NO3)2-4H2O (1100 mL, 1 M in deionised 
water) at 90 °C and pH around 10 for about 3 h [21]. After 
filtration and washing, the precipitate was either freeze- 
dried (HAP) or dried at 100 °C for 5 h in a vacuum to 
remove the residual physisorbed water (HAPD). Then the 
powder was sieved (\125 lm) and stored in a freezer. 
Nanocrystalline apatite powder (NCA) was prepared by 
a double decomposition technique at ambient temperature 
(pH close to 7) between (NH4)2HPO4 (1500 mL, 0.60 M in 
deionised water) and Ca(NO3)2-4H2O (750 mL, 0.29 M in 
deionised water) [22]. The precipitate obtained in few 
minutes was filtered, washed, and freeze-dried. Then the 
powder was sieved (\125 lm) and stored in a freezer. 
(3-Aminopropyl)triethoxysilane (APTES, 98 %, Sigma- 
Aldrich) was used without further purification. 
Grafting experiments 
The grafting of APTES on HAP, HAPD, and NCA was 
carried out according to published methods [17, 23]. Under 
an inert argon atmosphere, anhydrous toluene (20 mL) was 
added to the apatitic particles (1 g) together with APTES 
(2.33 mL). The mixture was refluxed at 110 °C overnight. 
The solid products were separated by centrifugation, 
washed three times with toluene and twice with ether, and 
dried at 70 °C under vacuum overnight. The obtained 
APTES-grafted apatites were designated as HAP-Si, 
HAPD-Si, and NCA-Si. 
For each apatitic support, blank experiments were per- 
formed under the same experimental conditions without 
APTES; these blanks were designed as HAP0, HAPD0, 
and NCA0. 
The same experiments were performed by adding water 
to the toluene suspension containing HAP and APTES to 
favor polymerisation of the surface agent. The sample 
obtained was designated as HAP-Si-Poly. 
Characterisation  techniques 
Elemental analyses were performed with a Perkin-Elmer 
2400 instrument. The phosphate content of the synthesised 
apatites was determined by UV–visible spectroscopy of the 
phosphovanadomolybdic acid complex and the calcium 
content by complexometry with ethylenediaminetetraacetic 
acid [24]. The estimated standard deviations of calcium 
and phosphate titrations were equivalent to 1 % of the 
reading. The specific surface area was measured by the 
Brunauer–Emmett–Teller (BET) method with a Quan- 
tachrome Instruments Monosorb Nova 1000 with an esti- 
mated standard deviation of 0.5 m2/g. 
The amount of water in the powders was measured by 
thermogravimetric analysis (TGA-DTA) using TA instru- 
ments Q600 from 25 °C up to 1000 °C at a heating rate of 
5 °C/min under an air flux (30.00 ± 0.01 mg of each sample). 
The solid phases before and after grafting APTES were 
characterised by X-ray diffraction (XRD) (BRUKER D8-2 
diffractometer CuKa1 radiation with k = 1.5406 A˚ ). The 
apparent crystallite sizes were calculated from the (310) 
and (002) lines by applying Scherrer’s formula [25]. 
Transmission electron microscopy (TEM) micrographs 
of the powders before and after grafting were recorded in 
the bright-field imaging on a JEOL JEM 2100F microscope 
set at an acceleration tension of 200 kV. 
Unmodified and modified particles were characterised 
by several spectroscopic techniques. Fourier transform 
infrared (FTIR) analyses were performed with an Impact 
400 Nicolet FTIR spectrometer. All adsorption spectra 
were obtained by accumulation of 32 scans at a 4 cm-1
resolution covering the 4000–400 cm-1 range (2 mg 
sample/300 mg KBr). 
Raman spectroscopy analyses were carried out with a 
Horiba, Jobin–Yvon Labram HR800 confocal microspec- 
trometer  (k = 532 nm).   The   spectral   resolution   was 
2 cm-1, the laser was power 2 mW, integration times 
varied from 30 to 60 s, and spectral accumulations from 2 
to 30, over a wavenumber range of 100–4000 cm-1. 
29Si, 13C, and 31P cross-polarisation magic angle spin- 
ning (CP-MAS) solid-state NMR spectra were recorded at 
79.39, 100.49, and 161.74 MHz, respectively. 1H MAS 
NMR spectra were recorded at 399.61 MHz. All experi- 
ments were realised with a spinning rate of 8 kHz on a 
Bruker Avance 400 spectrometer (9.4 T). 
Results 
Characterisation of the apatitic samples 
Chemical analyses of the synthesised solids gave a Ca/P 
ratio  of  1.66 ± 0.02  for  the  HAP  and  HAPD  samples 
corresponding to stoichiometry hydroxyapatite (Ca10
(PO4)6(OH)2),  whereas  NCA  displayed  a  Ca/P  ratio  of 
1.40 ± 0.02, characteristic of a calcium-deficient apatite. 
The water content was determined by thermogravimetric 
analysis (TGA) in the temperature range of 25–1000 °C. 
TGA showed a two-stage weight loss of water between 25 
and 400 °C, attributed to adsorbed and lattice water on 
HAP [26, 27]. As expected, due to its hydrated surface 
layer,  NCA  presented  the   highest   water   content 
(15.00 ± 0.20 wt%). It decreased from HAP (4.00 ± 0.04 
wt%) to HAPD (1.50 ± 0.02 wt%) due to the different 
drying procedure. 
The specific surface areas of the stoichiometric apatites 
HAP and HAPD are lower than that of NCA: 58 (±3), 52 
(±3), and 101 (±5) m2/g, respectively. These results are in 
accordance with TEM observations (Fig. 1). Both samples 
crystallise as small needles (longer needles for HAP sam- 
ples than for NCA) with a thickness of fewer than 100 nm. 
The HAP and HAPD powders exhibited well-defined 
XRD patterns (Fig. 2a) corresponding to well-crystallised 
apatitic calcium phosphates, whereas NCA exhibited broad 
peaks due to the low crystallinity of the apatitic phase [18]. 
No additional crystalline phase was detected. The apparent 
crystallite sizes were calculated from XRD using Scherrer’s 
equation [25] from the (310) and (002) lines, and the results 
are reported in Table 1. All the crystals were elongated 
along the c-axis of the hexagonal structure in accordance 
with the TEM observations. The crystallites sizes observed 
for NCA appear lower than for hydroxyapatites samples, in 
accordance with TEM observations (Fig. 1). 
The FTIR spectra of HAP and HAPD showed the 
characteristic  bands  of   apatitic   calcium   phosphate 
(Fig. 3a): apatitic PO43- vibration bands at 473 cm-1 (m2), 
560–630 cm-1  (m4), 962 cm-1  (m1), and 1000–1100 cm-1
(m3) and OH bands at 630 and 3560 cm-1, characteristic of 
an apatitic environment [28]. For HAP and HAPD, a weak 
and broad band between 1420 and 1470 cm-1 due to the 
low number of carbonate ions and  a  weak  band  at 
875 cm-1 assigned to both carbonate and possibly HPO42-
ions were observed, suggesting that the powders could be a 
slightly calcium-deficient hydroxyapatite. As expected, 
these CO32- and HPO42- vibration bands, as well as the 
free water vibration bands (1630 and 3400 cm-1),  were 
much more intense for the NCA particles. Moreover, the 
FTIR spectrum of NCA exhibited broader apatitic phos- 
phate bands, characteristic of a poorly crystalline apatite 
[18] with weak carbonate bands. Curve fitting analysis in 
the  m4PO4  domain  using  the  GRAMS/386  software 
(Fig. 3b) confirmed the formation of biomimetic 
nanocrystalline apatite with non-apatitic environments of 
PO43- (620 cm-1) and HPO42- (530 cm-1) ions present in 
the hydrated surface layer [29]. Weak OH vibrations were 
detected on the curve-fitted spectrum of NCA suggesting a 
Fig. 1  TEM observations of 
HAP and NCA before and after 
grafting 
(a)  (002) 
(210) 
(211) 
(310) (222) (213)(004) 
NCA 
HAPD 
HAP 
the   m1     (960 cm-1),   m2     (430–450 cm-1),   m3     (1040– 
1074 cm-1), and m4 (580–608 cm-1) modes of PO43- [18]. 
For NCA (data not shown), phosphate bands were broader 
and an additional vibration mode of HPO42- at 875 cm-1
was observed [30]. 
The CP-MAS 31P solid NMR spectra of the synthesised 
HAP are shown in Fig. 5a. As expected, the highly crys- 
talline HAP presented a relatively sharp signal at 3.0 ppm 
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Fig. 2 X-ray diffraction diagrams of a HAP, HAPD, and NCA before 
grafting; b HAP before and after grafting (HAP-Si) and blank 
experiments (HAP0) 
very low hydroxide ion content related to the calcium 
deficiency [27]. 
The Raman spectra of HAP (Fig. 4a), HAPD, and NCA 
synthesised powders presented characteristic lines of apa- 
titic phosphate groups in accordance with the FTIR studies: 
corresponding to orthophosphate species [31]. For the NCA 
sample (data not shown), a characteristic broader asym- 
metric signal was observed due to the presence of HPO42-
species. The broadening of the signal could also be 
attributed to the nanoscopic nature of the sample [32]. The 
MAS 1H solid NMR spectrum of HAP (Fig. 5b) displayed 
a signal at -0.2 ppm attributed to the OH groups of the 
apatitic structure and a broader one at 5.1 ppm attributed to 
adsorbed water molecules [18, 31]. NCA displayed more 
complex spectra (data not shown) as this structure contains 
a higher concentration of water and hydrogen phosphates 
both giving broad signals at around 5 and 14 ppm, 
respectively. Several lines were also observed between 2 
and 5 ppm; these were also mentioned by other groups, but 
their structural origin remains unclear [32]. 
Characterisation after silylation 
In order to analyze carefully the structural changes induced 
by the silylation process, three blanks were prepared by 
refluxing HAP, HAPD, and NCA solids in toluene over- 
night, without grafting agent, giving rise to HAP0, HAPD0, 
and NCA0, respectively, after washing and drying. 
Chemical analyses of the blanks showed traces of carbon 
HAP HAP-Si
NCA NCA-Si
(b) 
apatitic PO4 
NCA initial curve HAP
apatitic PO4 
labile PO4 
apatitic HPO4 
labile HPO4 OH 
water 
OH υ2 PO4 
water 
υ2 PO4 
Table 1  Chemical composition 
and apparent crystallite sizes of 
HAP, HAPD, and NCA before 
and after silane grafting and 
blank experiments HAP0, 
HAPD0, and NCA0 
L(002) (±3 A˚ ) L(310) (±3 A˚ ) 
508 331 
1054 733 
560 334 
772 658 
1055 746 
564 319 
238 73 
294 75 
148 86 
Fig. 3  a FTIR spectra of HAP, 
HAPD, and NCA before 
grafting. b Decomposition of t4
PO4 band in FTIR spectra of 
NCA and HAP 
(a) 
HAP 
HAPD 
NCA 
4000 3500 3000 1500 1000 500 
Wavenumber (cm-1) 
700 650 600 550 500 450 750 700 650 600 550 500 450
Wavenumber (cm-1) Wavenumber (cm-1) 
(Table 1) because of toluene adsorption during the reac- 
tion. As expected, the carbon, hydrogen, and nitrogen 
content increased after silylation (grafted APTES), the 
maximum amount being observed for NCA-Si due to its 
high specific surface area. One can notice that the initial 
nitrogen content in the HAP sample disappeared in HAP0 
and HAPD. This value can be attributed to ammonia 
residues from the HAP synthesis. The initial hydrogen 
content in NCA (about 0.52 wt%) can be attributed to the 
presence of HPO42- ions, as observed by FTIR spectrum, 
which could slightly affect the amount of water calculated 
from thermogravimetric analysis. Moreover, carbonate 
traces in the initial powders confirmed by carbon analysis 
show that carbonate species still remain after washing and 
thus could also affect the calculated amount of water. 
The XRD diagrams of the blanks (HAP0, HAPD0, and 
NCA0) displayed better defined diffraction patterns than 
those of the initial samples (HAP, HAPD, and NCA), as 
can be seen in Fig. 2b for HAP, in agreement with the 
increase of the apparent crystallite sizes L(002) and L(310) 
(Table 1). One can also notice that the crystallite sizes of 
the samples after silylation decreased compared with the 
Sample 
HAP 
C (wt%) 
0.10 
H (wt%) 
0.05 
N (wt%) 
0.09 
HAP0 0.66 0.00 0.00 
HAP-Si 3.77 0.47 1.23 
HAPD 0.15 0.00 0.00 
HAPD0 0.25 0.21 0.02 
HAPD-Si 1.81 0.30 0.61 
NCA 0.08 0.52 0.00 
NCA0 1.57 0.58 0.01 
NCA-Si 7.40 1.59 2.30 
Fig. 4  Raman spectra of 
a HAP, HAP0, HAP-Si, and 
HAP-Si-poly and b HAP-Si, 
HAPD-Si, and NCA-Si 
(a) 
ν2 PO4 ν4 PO4
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Raman shift (cm-1) 
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NCA-Si 
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blanks, whatever the initial support. However, the changes 
observed in the line broadening could also be related to 
residual stress and the crystallinity of the crystals. 
The FTIR spectra of the blanks (HAP0, HAPD0, and 
NCA0, Fig. 6a) were compared with those of the initial 
samples (Fig. 3a). For all blanks, a decrease of the HPO42-
vibration band at 875 cm-1 which can be attributed to 
HPO42-    or  CO32-    species  (no  band  observed  for  the 
HAPD0 and HAP0 blanks) and a splitting of the PO43-
vibration bands were observed, characteristic of a better 
apatitic environment in agreement with XRD results. 
Moreover, for the HAP0 and NCA0 samples, a strong 
decrease of the intensity of vibration bands attributed to the 
carbonate species was observed relative to the HAP and 
NCA samples, probably attributable to the increase of the 
apatitic environment [18]. At the same time, the decrease 
of the free water vibration bands could be attributed either 
to the effect of the temperature or to the influence of 
toluene, which is known to make an azeotrope with water 
[33]. For all blank samples, a significant narrowing of the 
OH- vibration bands at 630 and 3560 cm-1 (or appearance 
in the case of NCA0) was observed and attributed to OH 
group formation by drying. Indeed, OH- hydrogen bonding 
with adsorbed water on apatitic surfaces has been reported 
to produce signal broadening [34]. 
After silylation, all FTIR spectra (Fig. 6b) exhibited 
broader apatitic phosphate bands without shifting and a 
decrease of the relative intensity of OH- vibration bands of 
the apatitic structure (disappearance for NCA). For the 
NCA sample, which exhibited higher silane content, 
specific APTES bands were observed: new broad bands at 
2950 and 2850 cm-1 ascribed to asymmetric and sym- 
metric stretching modes of CH2 and CH3 groups of the 
aminopropyl chain, respectively [8]; weak bands at 1460 
and 1330 cm-1 corresponding to asymmetric and sym- 
metric C–H bending deformation bands, respectively [8]; 
and a series of bands related to N–H stretching modes of 
the primary amine in the range of 3500–3000 cm-1 and a 
band owed to the N–H group deformation at 1620 cm-1, 
both of which can be overlapped by water vibrations [8, 16, 
35]. The characteristic bands of grafted silane were less 
intense on the HAP-Si and HAPD-Si spectra than on the 
NCA-Si spectrum because of the lower quantities of graf- 
ted silane. The lower silane content in HAP-Si and HAPD- 
(b)
organic bands 
Fig. 5  CP-MAS 31P (a) and 
MAS 1H (b) solid NMR spectra 
of HAP, HAP-Si, HAPD-Si, and 13 
NCA-Si. c CP-MAS C solid 
NMR spectra of HAP-Si, 
HAPD-Si, and HAP-Si-poly. 
d CP-MAS 29Si of solid NMR 
spectra of HAPD-Si, NCA-Si, 
and HAP-Si-poly 
ppm 20 15 10 5 0 -5 -10 -15 -20 
 
ppm 40 20 0 -20    -40    -60    -80   -100   -120 -140 
Si was confirmed by microanalysis (Table 1). The expected 
Si–O–Si, Si–O–C bands (around 1070 cm-1), and Si–O–P 
bands (998 cm-1) could not be observed as they over- 
lapped with strong orthophosphate bands near 1080 cm-1
[16]. 
Curve fitting in the m4PO4 domain of the FTIR spectra was 
carried out for the blanks and the apatitic supports before and 
after silylation using the GRAMS/386 program (Galactic 
Industries, Salem, NH). The band shape was considered as 
Lorentzian and the baseline linear in all instances. Parame- 
ters such as the position and width of the bands were varied to 
provide the best curve fit. The relative band integrated 
intensities were defined as the ratio between the peak area 
and the total area of the phosphate bands. Figure 7 reports 
the relative band integrated intensity for the apatitic OH-
species. The relative intensity of the OH bands increased in 
the blanks which presented the highest level of adsorbed 
water, for HAP0 and especially for NCA0, in agreement with 
the increase of the apatitic domains observed by XRD. 
However, the OH- band intensity decreased for the two 
hydroxyapatite samples after silylation, for HAP and espe- 
cially for the HAPD support which presented the lowest 
water content and thus the lowest possibility of polycon- 
densation. These results confirm the possibility of silane 
molecule interaction with OH- on apatites. 
The Raman spectra of the blanks showed the character- 
istic vibration bands associated with the orthophosphate, 
carbonate, and hydroxyl vibrations of the apatitic samples. 
The relative intensity of the apatitic OH- vibration band at 
3570 cm-1 appeared stronger in the blanks compared with 
the initial samples, as observed in Fig. 4A for HAP and 
HAP0 (data not shown for HAPD and NCA). In all spectra, a 
shift of the m1 (960 cm-1) and m3 (1040–1074 cm-1) modes 
of PO43-  and of the m1  (1073 cm-1) mode of CO32-  was 
observed for the samples after silylation and for the blanks 
compared with the initial powders. This can be attributed to 
the adsorption of toluene, as confirmed by the microanalysis 
results. However, no hydroxyl band was observed for the 
NCA0 samples (data not shown). After silylation, the Raman 
spectra of HAP-Si and HAPD-Si (Fig. 4b) showed a 
decrease of the OH- vibration band intensity at 3570 cm-1, 
in accordance with the FTIR results. For all apatitic supports, 
the carbonate m1 vibration band (1073 cm-1) decreased with 
silane grafting, and the orthophosphate vibration bands 
appeared broader, which can be attributed to an amorphous 
structure or to the presence of overlapping organic vibration 
bands. This is particularly obvious for HAP as shown in 
Fig. 4a. In Fig. 4b, the spectra of all samples after silylation 
show an additional broad band at 2900 cm-1 which can be 
attributed to the CH stretching modes of the CH2 and CH3
HAPD-Si 
NCA-Si
HAP-Si-Poly 
(d) CP-MAS 29Si 
(a) CP-MAS 31P 
NCA-Si 
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Fig. 7 Relative intensity of FTIR hydroxide bands at 633 cm-1 of 
apatitic supports before (HAP, HAPD, and NCA) and after silylation 
(HAP-Si, HAPD-Si, and NCA-Si) and for blank experiments (HAP0, 
HAPD0, and NCA0) 
groups, whereas lower frequency bands between 1300 and 
1400 cm-1 may correspond to CH vibration modes [36]. 
Low-intensity broad bands were observed at about 3300 and 
1600 cm-1  related to the presence of amino groups. Other 
small bands between 600 and 650 cm-1 were owed to the Si– 
O–C stretching mode of trialkoxy groups [36, 37], easily 
observable in the case of the polymerised silane sample 
HAP-Si-poly  obtained  by  adding  water  to  the  toluene. 
Moreover, a small band appeared at about 1003 cm-1 for the 
samples after grafting (Fig. 4b). Bands in this region of the 
spectrum have been attributed in previous studies to the 
vibrations of the Si–O–P bonds that can form during the 
reaction   of   surface   phosphate   hydroxyl   groups   with 
trimethoxysilane groups [17]. However, this band is still 
present in all blanks’ spectra (HAP0 in Fig. 4a, data not 
shown for HAPD0 and NCA0) and thus cannot be attributed 
to Si–O–P vibrations. Rather, it appears to be associated with 
the presence of toluene, probably due to CH vibration bands. 
Moreover, no hydrolysis was  detected  by Raman  spec- 
troscopy: OH stretching modes of unassociated SiOH groups 
could not be found in the 3700–3600 cm-1 region, nor Si–O 
bending vibration of the SiOH group at 800–650 cm-1 [38]. 
The solid-state MAS 1H NMR spectra (Fig. 5b) of the 
different samples present a signal at -0.2 ppm attributed to 
OH groups. The broader line at 5.1 ppm (adsorbed water 
molecules on the surface layer) observed in HAP spectrum 
before grafting dramatically decreased upon grafting (HAPD- 
Si, HAP-Si). As the grafting reaction was realised in refluxing 
dry toluene, which is known to make an azeotrope with water, 
we suppose that most of the adsorbed water was removed in the 
initial drying step. For the NCA-Si sample, the NMR spectrum 
showed numerous broad signals between 15 and -5 ppm due to 
a great variety of protons present in the nanocrystals. 
The solid-state CP-MAS 31P NMR spectra of the syn- 
thesised apatites before and after silane grafting showed no 
significant modification (Fig. 5a for HAP). Only one signal 
was observed at 3.0 ppm due to orthophosphate species of 
apatites, as the low number of surface phosphates could not 
be differentiated from the massive phosphates of the par- 
ticle core. 
The solid-state CP-MAS 13C NMR spectra of HAP-Si 
and HAPD-Si samples after silylation are shown in Fig. 5c. 
Three distinct lines observed at 10.4, 22.3, and 43.4 ppm 
were assigned to carbons C1, C2, and C3: SiCH2, CH2, and 
CH2NH2 of the aminopropyl chain, respectively [16, 39]. 
These signals were more intense in the case of the poly- 
merised silane sample (HAP-Si-poly) obtained by adding 
water to the toluene, as the carbon content increased, with a 
slight shift to 27.0 and 44.9 for C1 and C2 respectively. 
Moreover, traces of non-hydrolyzed Si–OEt and ethanol 
were also observed at 58.1 ppm (–CH2OH), 56.3 ppm (–
CH2OSi), and 18.6 ppm (CH3) in the polymerised silane 
sample  (HAP-Si-poly).  Finally,  the  signal  at  around 
164.2 ppm is attributed to carbonate species present in the 
apatitic samples [18]. These results confirm the presence of 
APTES on the surface but do not allow conclusions to be 
drawn on the nature of the silane–solid support interaction. 
(a) 
(b) 
The solid-state CP-MAS 29Si NMR spectra of the solids 
after silylation (Fig. 5d HAPD-Si and NCA-Si) showed 
signals at -50, -60, and -67 ppm attributed, respectively, 
to the T1, T2, and T3 siloxane structures illustrated in 
Scheme 1 [16, 40]. In the case of the grafted dried HA 
(HAPD-Si), the signal at -20.3 was attributed to traces of 
polysiloxane grease. As expected, the signal of the T3
structure grew in intensity, relative to those of T1 and T2, 
on the polymerised sample HAP-Si-poly where this struc- 
ture is favored. A similar observation can be made for the 
HAPD-Si and NCA-Si samples but with a lower difference 
of relative intensity ratio T3/T2 compared with the poly- 
merised system. These observations confirm that the T3
structure is favored by the presence of water as silane 
hydrolysis allows its polymerisation. This is the reason 
why alkoxy silane grafting on silica is usually realised 
under anhydrous conditions to favor alkoxysilane–surface 
silanol interaction and avoid silane polymerisation. 
Discussion 
The data show a clear competition between the covalent 
grafting of APTES and its polycondensation reaction, in 
spite of the use of  anhydrous organic  solvent to avoid 
surface polymerisation. The TGA data evidenced the 
presence of water in the apatitic samples, adsorbed water, 
or lattice water, more important in the case of the 
nanocrystalline apatite (NCA sample) than for the 
hydroxyapatites HAP and HAPD samples (from 4 to 15 
wt%) because of the presence of the surface hydrated layer, 
which participated in the APTES hydrolysis and/or poly- 
condensation. Even after HA pre-drying (HAPD sample), 
such hydration persisted, not allowing the formation of Si– 
O–Si related to the polycondensation reaction not to be 
completely avoided, as the Si–O–Si vibration bands 
remained present in all spectra. The silane content 
increased when water content increased in the initial apa- 
titic sample (from HAPD to NCA). No metastable silanol 
was detected, with its subsequent consumption leading to 
either grafting or oligomerisation to more stable siloxane 
(Si–O–Si) probably being immediate. 
The blank experiments, performed under the same 
experimental conditions without surface modification 
agent, evidence the role of the organic solvent in the silane 
grafting. The spectroscopic data show a decrease of water 
content and hydrogen bonding for all blank samples rela- 
tive to the initial powders. Indeed, toluene is widely used as 
a carrier for the dehydration of alcohol by azeotropic dis- 
tillation [33] and thus could extract water from the apatitic 
samples. This behavior favors the formation of a silane 
layer by covalent grafting instead of polycondensation. 
Moreover, a decrease of the line broadening was observed 
by XRD in the blanks. This phenomenon, never reported in 
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the literature, could be explained by an increase of the 
crystallite sizes and/or a change on the crystallinity and 
residual stress in the crystals. These interesting results will 
be addressed in a further publication. 
Although it appears that APTES polycondensation 
occurs whatever the nature of the apatitic sample, the 
spectroscopic results evidence at the same time the pres- 
ence of covalent grafting. APTES covalent grafting is 
always reported to take place with solid samples through 
surface OH groups (Solid-OH). Some authors have pro- 
posed silane covalent grafting in HAP samples through 
HPO4 groups on the basis of spectroscopic results [17]. 
This hypothesis was supported by the model proposed by 
Brown for hydroxyapatite structure [41], in which an 
octacalcium phosphate (OCP, Ca8(PO4)4(HPO4)2-5H2O) 
layer is present at the surface of the apatitic crystals. The 
OCP structure can be described as a succession of ‘apatite’ 
and ‘hydrated’ layers, the latter being rich in HPO42- ions. 
OCP could act as a precursor for the formation of HAP 
with acicular morphology in which the (100) type faces are 
dominant because they have low interfacial energy. How- 
ever, in the current study, the IR vibration bands attributed 
to Si–O–P groups at about 990–1000 cm-1 [42, 43] cannot 
be observed, probably because they are overshadowed by 
authors have studied silane covalent grafting with hydroxyl 
groups on the HAP surface without hydrolysis and con- 
densation reaction [44]. In the hexagonal structure of HAP 
(P63/m space group), the OH- ions are present inside tun- 
nels (3 A˚ of diameter) with the direction parallel to the c- 
axis; each OH-  ion is coordinated with the three Ca atoms 
which are arranged in a triangle on the same plane. The OH 
groups are either above or below the Ca triangle. Depending 
on the surface crystallographic planes, the binding energies 
and the planar atomic density differ and have been calcu- 
lated by Zhang et al. [44] using molecular dynamic simu- 
lations: the (100) and (110) planes exhibit the highest planar 
OH- density (atom 0.072 A˚ -2), and the (110) plane displays 
the highest planar energy for methacryloxypropyl tri- 
methoxy silane. In addition, for NCAs, Blumenthal and 
Posner [34] have suggested that some OH- ions present in 
the solids cannot be observed by FTIR spectroscopy because 
of hydrogen bonding with water molecules in the hydrated 
surface layer. Thus, the results obtained lead to the con- 
clusion that silylation can be explained at the same time by 
APTES polycondensation and covalent grafting to oxygen 
atom of the hydroxyl groups of the apatitic structure and/or 
the OH- species that are present on the surface hydrated 
layer according to Eq. 2: 
Apatite   OH 
OEt 
+   EtOSi(CH2)3NH2
OEt 
O Si(CH2)3NH2 +    EtOH ð2Þ 
Si–O–Si, Si–O–C (1070 cm-1), and PO43- vibration bands 
at 1000–1100 cm-1 (no shift of the PO43- vibration bands 
was observed). Moreover, some authors have associated 
the appearance of a Raman vibration band at  900– 
1000 cm-1 after silylation with Si–O–P vibrations [17], but 
these bands were already observed in the spectra of the 
blank samples and thus can be attributed to vibrations of 
organic solvent. In addition, the decrease of the HPO42-
FTIR vibration band at 875 cm-1 observed after APTES 
grafting was also observed in the spectra of the blanks, 
correlated with the decrease of CO32- species according to 
the following Eq. 1: 
2 HPO2- þ CO2- ! 2 PO3- þ CO2 þ H2O: ð1Þ 
It can be noticed that an ion-exchange process cannot be 
proposed to explain APTES grafting on the apatitic solids 
as the experiments were performed in toluene without 
aqueous medium. In order to favor APTES covalent 
grafting, the use of anhydrous solvents and pre-drying of 
the apatitic samples are necessary. However, even under 
these conditions it is impossible to avoid silane polymeri- 
sation completely on solid surfaces. With the aim of their 
use in heterogeneous catalysis, further experiments have to 
be performed on the solids after grafting to study the 
efficiency of such system and the stability of the layer 
obtained in catalytical conditions. 
4 3 4 
Thus,  APTES  covalent  grafting  though  the  hydroxyl 
groups of surface HPO4 groups cannot be confirmed. 
On the other hand, a clear positive marker in favor of 
silylation is the decrease of OH- apatitic species. The 
decrease of hydroxyl species appears higher in HAPD after 
drying than HAP, presenting the lowest amount of water and 
thus  the  weakest  possibility  of  polycondensation.  Some 
Conclusion 
APTES grafting was performed in toluene on different 
apatitic supports. Different supports were prepared: crys- 
tallised stoichiometric hydroxyapatites differing by the 
drying method, freeze-dried (HAP) and dried at 100 °C 
(HAPD),   and   an   NCA.   All   materials   were   fully 
characterised, before and after grafting, for better under- 
standing of the nature of the alkoxysilane/surface 
interaction. 
The data show a clear competition between the covalent 
grafting of APTES and its polycondensation reaction, 
depending on the nature of the solid support surface, in 
spite of the use of  anhydrous organic  solvent to avoid 
surface polymerisation. Generally, polycondensation is 
favored by a more hydrated surface, whereas covalent 
bonding necessitates dry conditions. In this paper, although 
it appears that APTES polycondensation occurs whatever 
the nature of the apatitic sample, the spectroscopic results 
evidence at the same time the presence of covalent graft- 
ing. Alkoxysilane covalent grafting is always reported to 
take place with solid samples through surface OH groups 
(Solid-OH). In the current study, the IR vibration bands 
attributed to Si–O–P groups could not be observed, so 
APTES covalent grafting through the hydroxyl groups of 
surface HPO4 groups cannot be confirmed. However, a 
clear and positive marker in favor of covalent grafting is 
the decrease of OH- apatitic species, highest on the apatitic 
support presenting the lowest amount of water (HAPD) and 
thus the weakest possibility of polycondensation. The 
results obtained lead to the conclusion that silylation can be 
explained at the same time by APTES polycondensation 
and by APTES covalent grafting to oxygen atom of the 
hydroxyl groups of the apatitic structure and/or of the OH-  
species that are present on the surface hydrated layer. 
This work clarifies the nature of silane grafting onto 
selected apatitic surfaces and especially the influence of the 
composition and properties of the apatitic surfaces on the 
process of silylation. In order to favor covalent grafting of 
alkoxysilanes, the use of anhydrous solvents and pre-dry- 
ing of the apatitic samples are necessary. However, even 
under these conditions it is impossible to avoid silane 
polymerisation completely on the solid surfaces. The 
understanding of the nature of silane–surface interactions 
provides fundamental tools for the development of novel 
solid supports for heterogenous catalytic applications. 
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